


f 


j! S nN 
iby 4 ‘ ts Me , 





Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1951-05 


The mechanism of radial compressor instability 


Winner, Crawford Douglas 


Troy, New York; Rensselaer Polytechnic Institute 


http://ndl.handle.net/10945/14425 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
F (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist | | Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 


m \ KNOX appointed — and published -- scholarly author. 
aes | | : Dudley Knox Libra Naval Postgraduate Schoo 

LIBRARY dley b ry | | g d hool 
http://www.nps.edu/library 






411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





: 
ed 
ae 
ti—aMe 
aaa 
Z 
ae : 
. 




















\ 






i tet hh i t sf 
Nat ead ee eT Caria. 
7 eM) Lh) =. aed 
VORA Woe by At tba oe Wily, 
rar 4 + - Tite (lem! te ' 
Tie Neti rate oy Neti 7 Ws 7 tre 
1 4! 
: 


: 
j | j "hi : 
* f wale eh ua el oe val 4 
Wik + + i he | uA - Mf 5! | pe Py! it aM 
rr / } 
Ht . 1 





hy ir! , _ . 
yl a" mh » ‘4 4 ‘ * 
of da ithe: i “ \ 





































t I * 1. ie 
y etl ve 1A i" ea Sere As } at iron Par) ’ 
4 r iy he : dp (4p es ity p i A mn : Ys 4 I ed RY, Te L 
are ide ; ent ‘ ia Tae M, A A wel Lees « 
’ ! nt? i raf 4 ‘s ie Se alee ty ioe in “oh) z 
ai i ie es Mm | Ld ' al! 4y 4 he ; we 
iL. ? Novy, PEA elt Se” JP Ee PG Ee We Myer) ee ran» ; 
“ ; / isi 0 | i) ae er Lae si ye Ps te (08 ea > a 
| ” . « y ; | ’ : } ; \ 4 Bete oa ; is ‘s ™ 
f vk an j cy | *) j BS iW ve panda { 
: “% A : , I : . Ar lies oe if mitt j 
ri , , is ar a Ve au a 
—- ' : ' i as! . 
j Te wh De : ait 4 
y ' “i het nts 
| rey yar 69 V4) 1" ht iy ts g 
; 4 : ih ' st 1 enti 5 ah tf i 4 | : Tt Y ‘ % , rs y ° Ose : 
' iL? ' . ov ; at , Lage , P 7 i saby f —_ + ri vend Hatt isis: $ Rae, id ra 46 a ' 
' " ath te astncasdeum hurd commas O hap Wes iwllsun ite in tas tent : 73365 ars Lv oft a BS To ; 
’ 7) “ itiatt : ( i mre eee Pp roryy’ Fi be | t ity: 4 : | + t } : of ty , 
ir LATED Tarn wa sesh wt eset aes Srp te ce ol 
; a ; | ‘ Hi Ay agi ? ro p ni Hcy bales Nis yng fe? d age Petipa Ta, . 
pe Cpe aren al GASES UT Ht ria ani RTI Stree a rte one BO de eter 
{> ith Bat nat LAT | ith) ' Tab aia Eat 4 4 ' qao-t] «Vo Ye 
PUREST 7 at me ER OE ge igs ee otaca taal Mt talgaebeae te tefat dean oor Fett ot 
HRA it oth (sects Aiea SaiRee 7 eae fs 
e a + Ie ; ' a 1% ons ty ass — = 
Da K: emi a Mibentiaantts octane pity ai Be 
| Meee ite) Sure ans ar RPM | Mh We ORR R Sete ter pe —— at 
nt 44 91 OPA MR at ate Teh) aah oto: i owe he ayers Mt te Ae Pow Ashe 4. = . 
4 ibe cat pease Un? Lent Wats tft : ie ey He tH rath Oey T. s Re Skt Ove > 
| LARHEAA : RA URGE eon pope LEON me et rh : 
“Wi: . ; Wh SES HPCs FH FE we Lt TG hikes bGatealen AF E Te “Je =P 
. 'y oi hoa) + ok she Tr . - Ae \* oe, eue ae nat » at + vee Jeet ‘f by tbe ‘) uy who quam abe. un = 
. M , “ar * i . on S 9S " a] ‘ ei Jylide ins +t 0 it inte ~~ 4 sy Mbt 4 ’ a ' “y) 
S 7 N BILITY oR A GRE LATE thie Es noe tt ete DEO Lal 
, Fos 45 J Me we AGU PRN OEY Rat Cir tte gh ath 3 
Se meee gual cease re al neta rat Laan ees nee ae | 
CRAWFORD DOUGLAS WINNER 
Un Ae cars sieitn Sie | 
' ° : | ‘ . LP, ‘on " ~ - ) " 
- - r 
—— a 
: 
ns | 
* 
- 
~ 
ia 
a) 
. 
; 
‘ 
‘se 
‘ 
° 
4 
o 
> 
> 
.. 
: 
A 
; 
J 
. 
‘ 
*-« 
4 
: 
. 
- 4 
. 
- 
=e 
a - =— 
! . 
7 
y i 
- > = 
ie = % 
oa pA . = a 
Riel P iZ 
: ' * . , — <Ry " 
t ; é ~*~ i : : a 
to = =m 1 | ee ee 
' . - _— ~ 
j ~, ‘ ‘ . ~ 
' ’ . it ' a 
bi . , 2 
é ett = 
; ; “4 : ‘ _ < ‘Ss 
ees cae Dl ie 
; a oF Ne 4 
H : ok ’ — - - Ji 
: = 
’ | | / 
? iy | ‘ 





duorary 
U.S. Naval Post 
Monterey, Califo 









8 i 
4 


raduate School 
nia 




















THE MSCHANISM OF RADIAL COMPRESSOR 


INSTABILITY 


by 


Crawford Douglas Winner 
Lieutenant Commander 
United States Navy 


Submitted to the Faculty of 
Rensselaer Polytechnic Institute in Partial 
Fulfillment of the Requirements for the Degree 
of Master of Mechanical Stngineering 


Troy, New York 


May, 1951 





Acknowledgment 


The author wishes to express his appreciation to 
Professor Neil P. Bailey, Head of the Department of Mechanical 
Tacineering, Rensselaer Polytechnic Institute, Troy, New York 
for »roviding the background for a theoretical understanding of 
the nature of flow instability phenomena and his enthusiasm for 
the pursuit of a critical study of the many practical aspects of 
flow instabilities. The assistance of Professor James Devine and 
the machine shop in providing the necessary facilities of the 


department and in setting up the equipment is gratefully acknowledged. 


| GAS 


(anus 





ol 


The Mechanism of Radial Compressor Instability 


Abstract 


The limit imposed on the operating range of a radial flow 
coimressor by surging or pulsations in the reduced flow rezion 
has long been a source of concern to design engineers who would 
like to use this otherwise simple, lightweight and efficient 
compressor, 

A preliminary study of the nature of the pulsations lead to 
the design of the Deflected Spill Pickup in an effort to simulate 
the compressor flow characteristics under conditions of close con- 
trol and simple analytical boundaries. <A fair degree of agreement 
was ootained between the flow _and instability characterisitcs of 
the spili and the actual compressor to which it was proportioned. 
The analysis provides an explanation for the observed differences 
in flow characteristics and suggests the possibilities of producing 
closer agreement. 

During the course of the investigation it became evident that 

he Deflected Spill Pickup could become a valuable component in 

the experimental study of other flow instability phenomena by pro- 
viding a source of intermediate velocity air with the flat pressure 
vs flow characteristics of a system closely coupled to a radial 
flow compressor. The work with the spill also provided the ground 
work for a suggested design for a radial flow compressor that 
should be free of the investigated instability in the reduced flow 
resion of operation. The tests were conducted at Rensselaer 
Polytechnic Institute, Troy, New York using the facilities of the 


Denartment of Mechanical Ungineering. 
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THE MECHANISM OF RADIAL COMPRESSOR INSTABILITY 


INTRODUCTION 


A radial compressor is designed to operate at a given flow 
for a given speed, that is a constant Q/n ratio, and the components 
such as inlet, impeller and diffuser are matched for peak per- 
formance at this design point. As the flow is reduced from the 
design point, holding speed constant, the discharge pressure should 
increase to maintain stability. In practice it is observed that the 
pressure curve flattens as Q is reduced (n constant) until a pul- 
sation point is reached. This pulsation point is a definite 
characteristic of current designs of compressors and is shown in 
tae typleal curves of Fig. 1. 

The instability which causes pulsation may occur at the inlet 
to the impeller or in the diffuser section. The cause of inlet 
instability has been thoroughly investigated and has been, in 
general, eliminated by prover design. Zlimination of the remain-~ 
ing instability, while maintaining maximum performance would increase 
the flexibility of radial flow compressors and enhance their utility 
immeasurably. A review of the early work done in this field is 
presented by Dr. A. Stodola in Ref, 1, exeerpts from which are in-~ 
cluded as Appendix B, 

To date, considerable work has been directed toward the analysis 
and improvement of compressor performance in the useful range of 
operation; out yet, the limits imoosed by reduced flow pulsation 


have been accepted as a necessary evil. The remedies as proposed 








ae 


by Stodola have not been generally accepted, partly because of 

the loss of efficiency involved, partly because of engineering 

difficulties and partly due to the lack of understanding of the 
exact nature of the phenomenon. 

It is proposed at this time to investigate the flow con- 
citions at the entrance to the diffuser of the radial compressor 
in an attempt to explain the exact mechanism producing the in-~ 
stadility. In this paper there is presented an analysis leading 
to the design of the Deflected Spill Pickup and a description of 
the tests conducted with the spill. The spill was proportioned 
to correspond to the General Electric Type Bl, 32, Aircraft 
Turbo-—supercharger compressor for which characteristic curves 
Fig. 1 were available from Ref. 2 for comparison. The analysis 


and tests are limited to the subsonic flow velocities, 


Ve = or <i YeRT, 

with the working medium assumed to be air of constant Y . There 
is also described the use of modified deflection spill pickups 
for simulating compressor characteristics when using a hign 
pressure air sunply for studying other stability in flow and 
conbustion vrobdlems; and the design of a non pulsing compressor. 

The tests were conducted during the Spring Term, 1951, at 
Rensselaer Polytechnic Institute using the facilities of the 


Mechanical Sngineering Department. 








ANALYSIS 
A system in which flow is controlled by throtling the discharge 
is stable if 
Qp/agQ< 0. 
If by some means dp/dQ becomes greater than zero, the system 
becomes unstable and flow will either increase or decrease until 
a maximum or minimum pressure point is reached, at which point 
ap/dQ again becomes equal to or greater than zero. The system 
cannot remain between these maximum and minimum points, for exampie 
points A and Bin Fig. 2(a). 
A radial compressor operating at constant speed 
rw = constant, 


generates a static pressure 
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at its impeller tips by virtue of the effect of centrifugal force. 

Tre vressure, Ps, is a maximum at Q = 0, where €, approaches one. 

As flow increases, e; falis off slowly due to friction losses 

in the impeller and throtling losses at the inlet. Therefore 
Sy Saae 

and p,; may be represented by curve i, Fig. 3{a). If py were the 

total pressure of the compressor, the system of compressor and 

receiver would be entirely stable. Such a compressor, however, 

would have a maximum efficiency of fifty percent, the energy 

expended in accelerating the fluid to tip speed would be lost. 


fo improve the efficiency of the compressor this energy in the 








form of kinetic energy or dynamic pressure 
2 


KE = 1 nv,” or py = #°.v, 
must be recovered by diffusion . 
If all the dynamic pressure is recovered by diffusion, the total 
pressure will be 
ae ae (ay) 

represented as line 0 in Fig. 3(a). This curve is flatter than i 
out at no time does the slope become positive and therefore there 
is as yet no indication of instability. 

The velocity of the air relative to the casing as it leaves 


the impeller is assumed to be 
i v4" + ae (2) 
where vz is the tip speed, Yr, and vy is the radial flow velocity 
relative to tne impeller, 
vr = Q/A.. (3) 
The air leaves the impeller at an angle @% with the tangent, 
see Fig. 2(b). 
tan %@ = vr/vt = Q/Acve (4) 
and therefore, @ varies with Q 
A vaned diffuser is designed to receive the air leaving the 
impeller at a given angle, %p,and therefore obtains a peak per- 
formance at the corresponding design load, Qp- The resulting 
pressure, po, of discharge from the diffuser as Q increases from 
Qj is represented by line 2 of Fig. 3(a). Any instability in this 
resion of operation would be purely a shock phenomenon not within 


the scope of this paper. The characteristics of curve 2 for Q 








between Q = QD and Q = 0 is of primary importance and the 
renainder of this paper will be confined to this particular region 
of operation. From Fig. 2(»d), 

vy = vy /cos @, 


%. is normally about 10° and for Q less than Qp, % will be 


less than 10° and, hence, it will be assumed for the following that 
Vi = ve = YY &= constant (5) 


It is most commonly assumed that as the flow decreases, the 


velocity at tne throat of the diffuser decreases. 


Ve = eae 
Ay 
anc then 
ag | ye, 
Be = BeK PeVe™ 


tre resulting discharge pressure 


Peo eae eee 
is curve a of Fig. 3(b), which peaks at Q, and indicates instability 
characteristics for Q< Q,. No explanation is given for the chanze 
of velocity from vy to ve. If it were desired to sirmlate this 
chanse of velocity with a symmetrical spill pickun as illustrated 
in Fig. 4(a), the v,, Q relation would de satisfied, but the 
external (spill) @iffusion has high efficiency and little loss 
in total pressure. Tnrerefore the pressure characteristics would 
be similar to those of a simple nozzle of identical dimensions 
suyplied from a source of pressure pp, Fig. 4(b) & (c). Applied 
to the compressor, the resultant po would be curve (b), Fig. 3(b) 
which everywhere has a negative slope and no indication of in- 


stability. The inlet of a diffuser section as illustrated in 
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Fig. 5(a) may be considered an asymmetrical spill receiving 
excess air from a constant velocity constant total pressure 
source. ‘The direction of the impinging stream is deflected by 
a pressure gradient that can be transmitted through the boundary 
layer along the outer wall of the diffuser and ths penetrate 
farther upstream from the lip of the spill than is possible in 
a symmetrical spill. This pressure acting along a greater area 
along the flow can produce a greater stream deflection with smaller 
curvature of stream lines and hence smaller transverse static 
pressure gradient. The part of the high velocity stream that is 
captured might be expected to act as a stream entering a sudden 
enlargement, expanding at constant momentum and loss of energy 
until it fills the channel, then diffusing to discharge pressure 
in the manner of a normal diffuser, 

The idea of a simole "deflected spill pickup", Fig. 5(b) 
was developed to simulate the flow in the compressor. A nozzle 
operating from a constant pressure source providing the impinging 
strean at a velocity corresponding to the tangential velocity 
v, =%r; in the compressor. With such an arrangement an analytical 
study could be made with the simplest boundary conditions and a 
working model could be built to obtain test data under conditions 
providing the best control, 

The spill used in the present study was designed to the pro- 
portions of a diffuser section of the General Zlectric Bel Aircraft 
Supercharger compressor for which the dimensions and Pressure vs 
“low characteristics were available. The necessary dimensions 


are shown in Fig. 5(a) and the characteristic curves from Ref. 2 





Ve 


are plotted in Fig. 1. For best comparison, the spill should be made 
the gane size as the diffuser being studied because neither Reynolds 
Number characteristics nor Mach Number effects can be ignored for 

tae best accuracy. However, to accommodate the spill to the avail-~ 
able air supply and to retain the comlete velocity range, it was 


deemed advisable to scale down to one half size. 


SPILL CHARACTERISTICS 

For a preliminary analysis of the spill, assume (1) parallel 
flow in the discharge from the nozzle, and (2) non-viscous flow, 
but (3) permit the downstream pressure to penetrate two inches 
upstream along the deflecting wall, (The two inch value was chosen 
oroitrarily to illustrate the method.) Under the above assumptions 
the jet boundaries will remain clearly defined; the lower boundary 
will not entrain any free air and the boundary pressure will remain 
at atmospheric pressure; the woper boundary will break away fron 
the wall at the two inch point and will be deflected by a constant 
pressure, AP,., along the upper boundary from this point to the 
zero point opposite the lin of the spill; and, the total energy in 
the jet will remain essentially constant throughout its cross 
section and for its entire free length from nozzle to lip. The 
constant pressure, \Ps, acting nornal to the stream will deflect 
tne stream along a circular are of radius, r = constant, for any 


particular streamline. The geometry of this flow is shown in 


“ig. 6, from which it can be seen that 





(ro ~ Are + ie 


| 
03 
i 


and solving for ry 


a ve 1¢= Az ) (6) 


where Ar is the amount the stream is deflected and may be written 
as Ar = kxd 72) 

To determine the magnitude of the AP that is required to produce 
the curvature ro, the differential eq. may be set up from the in- 
cremental block dr x rdf of Fig. 6 and radial acceleration 


equation 


an (8) 
rouma (9) 
2 


~ Vs 
Cr +ap) rap -prdd = rdgparp x 2 


wiich simplifies to 


7 Beas 
S29) I | one (10) 


For compressible flow, constant total energy, the flow conforns 


to tne free vortex tneory 


p 3v 5° = constant = P vy = VpyM; 2 (11) 


and the equation (10) may be integrated to 








p re 
f - 2 ve 
Jo me ae se 
Pl Ty 
2 2 4 lo 
~p =) acta © ea eed 
2 1 = age ry (12) 


or with py as atmospheric this gives guage pressure 


at point 5. 


APs = P v5" (- ) (13) 
To 


- and 


Bq. (13) indicates that Aps is a function of v, =r, 


the dimensionless ratio ar - On this basis, the spill was 
constructed to one half an for all linear dimen®fions, and 
it was assumed that corresponding velocities in the two 
systems should be equal; that is, a jet velocity of v, in tne 
spill would correspond to a compressor speed of Wry = V3. 
(See discussion) To put Eq. (13) in terms of the constants 
of the spill, 


Ar = kb 


Ey 


Tr" ois E + (ed) 5 (4) 


and from Eq. (11) 


2 


Piva = Yppla? 


then 


2 
ee 2 : + (kb/L 
Ap', = yp” mM) «a | 


a (kb/L) | (15) 


=e 
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THE DIFFUSER CHARACTERISTICS 


For analysis, the action ig the diffuser will be separated into 
into two parts, (1) the irreversible expansion of the captured 
portion of the jet to expand to the diffuser walls, assumed to 
occur in a constant area section and (2) the essentially rever~ 
sible diffusion of the diffuser section. The hypothetical point 
Sa, Fig. 6, will be used to designate the conditions at the con- 
clusion of the first part and the initiation of the second part of 
the expansion. If the spill pickup discharges tnrough a constant 
cross-section, point 5a will correspond to point 6. 

Between the points 5 and Sa the flow will have constant total 
momentum and may be analyzed in accordance with the method devel- 
oped in Ref. 3 and expanded in Ref. h. 


Kiomentum equation: 


Mor, at 5 = Mom, at Sa 
F M Od a : 
Aipo + W/e V5 = AyPo, + W/g Von (16) 
Continuity equation 
W = p A - = 
/e chav, PLA: Ven (17) 


From previous development it is assumed that 


A, = (l-k) A, (18) 


From equation (17) and (18) 


Tiga = (1 - k) ./ Pon ve (19) 








Substituting in equation (16) 


From equation (11) 





2 
2 PoVis 
oes Pav = - Y Pu, (21) 
Y gRT. : 
a 
From perfect gas relation 
ph = eRT (22) 
Pho, = Po/Prq * Tea/Ts (23) 
Assuming the adiabatic relation 
Lie 
Y 
T a 
then a 
¥ 
O = 
p/P eo, = (Pg/Peq) (25) 


and equation (20) becomes 


ian Bi 


Now equation (15) expresses the relation between k and the press 
sure, Pres which produces the deflection kb; and equation (26) 
gives the Pr resulting from a given back pressure, Pea? and a given 
k. If the Pe of equation (26) is less than Pie then k will tend 
to diminish and if Po >P', then k will tend to increase. An 


examination of equation (26) reveals that (Po, S Py) =Oatk=0 








Tes 


and k = 1, the two extreme conditions, and it has a maximum of 


2  e 
(Pe, ee), 4 iG Pyhty 
at 
k & $, 


For the case of no additional diffusion, ee may be considered 
constant and Pc oloObted as a function of k. Curve (sof fic. 7 
memsuch a plot in which Po 1S just taneent to curve of Pisa If the 
Dae pressure, Peas is reduced, the system: will be stable at the k 
corresponding to the left hand intersection of these curves, If 
ee Ho Taveed sivenuly, Pe will be everywhere freater than ple 
and k will increase to k = 1, thus completely cutting off the flow. 
imeract, k can increase vo k > permitting the flow to reverse 
amie back Out the spill, unloading the receiver until Poa is reduced 
to as k will then retum to zero, full flow will resume until 
Prog acain builds up to the critical value. This sequence of events 
describes a phenomenon that resembles to a remarkable degree the 
pulsating or surging of a radial compressor that occurs when the 
compressor back pressure is increased beyond a critical value. 

Wen 2 Ciriuser dseacec, Rs can no longer be considered 
constant. Instcad, the assumption is made that the discharge 
pressure p¢é 1s constante Then for a reversible diffusion to 


negligible velocity, see Ref. (3), 


¥-14 2) > (27) 
P6/Pe, = (1 + 3 Msn’ ) Y=1 


Or put in the coordinates of Fig. 7. 
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p/P, ; 
: 
Pip pees ae 
1+ fa- nA) 2) 
nog , EE PAST cy 
Te, C 
ea YM, 


A typical curve representing this flow is APe, (Seand 16s 
corresponding Ade (3) which shows no minimum between k = O and 
k=1. This indicates that so long as pg is below the critical 
value, the flov' is stable and k will remaim equal to zero. As 
Pg is increased past the critical value, the system will go un- 
seabre and pulsations will commence as before, but without any 
jet defle ction before complete oreakdorm occurs. ‘The curves 
APr, (2) and A irc (2) represent a tynical case with an inter- 


~ 


mediate degree of diffusion. The curves or rir. 7 indicate that 


a compressor with ideal diffusion would always zo unstable when 


the back pressure reduced the flow below 


non 6 O Pas, (28) 


but from forced vortex theory, 


a 


Ki z 
Vee Ga) 
P5/Py = (Py/Py) T = | 1 + 2 = (29) 
ear’ 





~ ren 





Ao Ca se 


()! = nA. rwil + 5 “YenT. (30) 
Om 


ninimnum 


in which n represents the number of diffuser sections, A; the sane 
as before, and the last term is to standardize Q to atmospheric 


pressure and temperature. This Q' 553m, is valid for diffusion 








Lh. 


somewhat less than ideal complete diffusion, but as degree of 
diffusion is reduced further, Oe min will reduce to a value 
such that 


Oh ey. (31) 


ad 
Oninimun = minimum 


A close examination of Fig. 7 shows that the theory predicts 


a flattening of the pressure curve as flow increases from Q! 
min 


to ae with a discontinuity in the slope at Q" in and zero slope 
at Qisne Increasing the slope of Plc to Pigs shovm in Fige 7 
as a dotted line would extend the flattened portion of the char- 
acteristic to lower values of Q; and, increasing er to Pere 
will permit stable operation dovm to zero flow. 

A discussion of some of the defects and limitations of the 
above analysis, not already pointed out, is included in the 


general discussion of results of the tests. 





Ie 
EQUIPM=ANT AND PROCEDURE 


EQUIPMENT 


A Deflected Spill Pickup was designed on the proportions 
of a diffuser section of the General Electric B-~l Aircraft Turbo- 
supercharger, Fig. 5(a), with the linear dimensions scaled to one 
nalf size. Fig. 8 is a drawing of the spill, with dimensions. 
The square nozzle was shaped to an ellipse of semi axis 1" X $", 
and with +" parallel sides at the minimum cross section of 4" X 3" 
Square. The nozzle was cut from brass, and the spill was of brass 
strivping. The main diffuser corresponds to the diffuser vanes 
oz the compressor and the diffuser extension to the diffusion 
provided by the compressor casing. ‘Three different diffuser 
extensions shaped from galvanized iron sheet were used for various 
tests. The spill was provided with three static pressure taps 
along the unper surface, and static and total pressure probes 
were inserted through the open bottom of the spill for obtaining 
operating pressure surveys. The outside diameter of the probes was 
.05", the orifice in the total head tube was .0292" diameter and 
the two orifices in the static head tube were .0135" diameter. 
The tubes were mounted in a precision tool carriage for position~ 
ing. 

Air for the tests was provided by a Schramm Air Compressor 
of 100 cfm capacity at 80 lb/sq. in. driven by a 50 HP, 1175 RPM 
Westinghouse induction motor. The compressor is provided with a 
small aftercooler which helps to hold down the operating temperature, 


but does not provide any accurate temperature control. aA large 
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surge tank is provided for smoothing the flow from the compressor 
and an unloader valve prevents excess pressure. <A one inch 

supply line from the surge tank fed the air to the test systen 
nictured in Fig. 9, 10, 11 and 12. The by~pass valves were pro- 
vided to adjust the flow so as to hold the pressure in the surse 
tank constant at some pressure below the unloading pressure. The 
3/4" »rinary metering nozzle in the high-pressure receiver was 

used to check the flow through the main nozzle and by this means 

it was possible to confirm that the main nozzle was flowing full. 
The plenum chamber was constructed of 26 guage galvanized iron 
sheet and had a volume of 7.5 cu. ft. ahead of the 1.5 inch metering 
nozzle and 4.5 cu. ft. between metering nozzle and the two inch 
Zlobe valve used as the exhaust control valve exhausting to the 
atmosphere. A Weston, clock dial, stream thermometer was used 

to obtain the total temperature in the receiver chamber. All 

other data on the runs was obtained as static pressures. The 
receiver pressure was measured with a mercury manometer. The 
plenum chanbder pressure was measured with a mercury manometer 
except for the runs with the third diffuser extension when a water 
manoneter was used. A water differential manometer was used across 
the »rimary metering nozzle, and a three inch inclined differential 
manoneter was used across the plenum chamber metering nozzle. 


A water manometer was used to measure the pressures in the spill. 








PROCBDURE 


The runs were made by setting the receiver pressure to hold 
steady at a given pressure while the flow through the plenum chanber 
was varied with the exhaust valve. Readings were taken with the 
exhaust valve wide open, with the exhaust closed to the verge of 
nulsation in the spill, and with enough intermediate settings to 
establish the shane of the curves. The determination of a complete 
curve at one setting of the receiver pressure constituted a single 
run. It was established that the direction of approach to a point 
did not affect the readings obtained, even near the nulsation 
linit, and that test results were reproducible to the accuracy of 
the measurements. The apparatus was very sensitive to barometric 
chanzes and to variations in the total temperature in the high 
pressure receiver. For this reason, the barometric pressure was 
read before and after each run, and the total temperature read for 
each test point. Zach run was completed in the shortest tine 
possible so that it would be reasonabvly valid to use the mean 
barometer and temperature readings; otherwise, the test points for 
one run would correspond to a range of compressor speeds. ‘he 
runs in which these variations affected the results were discarded 
and the run repeated under more consistent conditions, It was 
ooserved during the course of the tests that tne receiver total 
temperature could be controlled over a small range, such as for 
holcing the temmerature to a single value after the system was 
warmed up, by skillful juggling of the control valve and by-— 
pass valves. 


Prior to the runs, the approximate receiver pressures to 
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correspond to a good spread of compressor speeds were determined. 


Tnese pressures were used throughout the runs, and the exactly 


corresponding compressor speeds computed afterwards. 


The 


tO 


data tabulated for each test point is: 


Receiver termerature, °F 
Receiver guage pressure, in. Hg. 


Differential pressure across primary metering nozzle, 
in. Water 


Plenum chamber guage pressure, in. Hg. except for runs 
(13), (14) ana (15), in. Water. 
Spill nozzle Attached to single 


f 


Syill center = water manometer through 


\ 
ss 


Spill Opposite lin manifold and cocks; in. 


"mee ew °** 


Probe a water, guagze 


eo 


Differential »wressure across plenum chamber metering 


nozzle, inclined manometer scaled to .Ol in Ho50. 


The limiting run with these guages was with a receiver 


pressure of 16 inenes of mercury, scorresnvonding to a compressor 


speec cf 17,600 RPM. When the guages were secured and the 


receiver pressure run up to 18.5 inches Hg, corresponding to 


20,000 RPL, the pulsations were extremely violent, causing the 


plenum chamber walls to buckle and air to nuff through at the 


joints. 


Therefore, it was not considered necessary to obtain 


cMages with higher pressure ranges. It is believed that the range 


of runs obtained is sufficient for the present purpose of the tests, 


Poe 
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The probes were only inserted for runs #9 and #11 which 
were snecifically for the purnose of obtaining typical pressure 
profiles. For these runs, the flow was adjusted to as close to 
the pulsation point as possible and then increased .01 inches on 
the inclined manometer to eliminate the possibility of pulsation 
during the surveys. The probe did not apnreciably affect the 
maxiznum pressure before pulsation, but the flow had to be decreased 
apout .02 inches to maintain the same pressure as before the probe 
was inserted. The probes were mounted on a precision tool 
carriage which had horizontal scales marked to .025 inch. The 
surveys were made along the lateral centerline of the spill, 
positioned upstream from the lip of the spill as the zero 
longitudinal position, and positioned vertically down from the 
position against the top wall as the zero, with an adjusting lmob, 
14 turns of the knob moved the probe one inch and readings were 
taken every half turn. The forward projection of the total head 
tude was 0.16 inches thus making this the minimum horizontal 
“osition for this measurement. he static head tube could be 
vointed in either direction and give consistent results, thus 
making it possible to obtain static readings at the zero horizontal 
position. 

Difficulty was experienced in completing a pressure survey 
without bending the tube sometime during the run against either 
he top or the lip. 


sammle computations are included in Apnendix A. 
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RASULTS AND DISCUSSIONS 


Tests with the Deflected Spill Pickup proved very 
dramatically that the design will produce pulsating flow similar 
to that experienced in radial flow compressors. With the pickup 
discharging into the relatively large plenum chamber, it was 
possible by adjusting the discharge, to control the rate of pul- 
sation down to about three per minute; slower than this, the rate 
became erratic and seemed to depend on occasional fluctuations of 
supply pressure. Therefore, this rate was taken as pulsation point 
and the relatively steady conditions just prior to each pulse was 
taken as the limiting values for the tabulated readings. Hach pulse 
occurred very abruptly and without warning, discharging the primary 
jet plus the excess air from the plenum chamber out the bottom of 
the spill, then returning to normal flow. The test spill also 
provided evidence as to the source of mich of the noise of a 
compressor. Operating at speeds corresponding to about 5,000 RP 
and less, the noise level of the laboratory was not increased 
ayoreciably. Above that speed, the noise level increased until 
at 18,000 RPM it was extremely uncomfortable, even with good ear 
plugs. As the speed or rate of discharge was adjusted, various 
frequencies came into resonance, but in general most of the noise 
could not be identified as having any particular pitch. 

The data obtained from the runs, together with the important 
computed values for each run are presented in Tables I through 
XIe.. Sample comoutations for these tables are included as 


Apoendix A. The results are presented graphically in Fig. 13 
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through 16 as pressures vs a standardized flow rate which is 
computed as described in Appendix A. Where possible, the run 
number is used to identify the curve. 

Fig. 13 is a direct plot of the plenum chamber guage pressure, 
APo, and Fig. 14 is a direct plot of spill deflecting pressure, 
APs. The series of curves on both these plots exhibit a con- 
sistency of results as the operating pressure is increased. The 
Apo curves have definite breaks in slope at the Q for which the 


Apes becomes zero; this is the Q! described in the analysis. 


min 
Runs (3), (4), (5) and (6) were consistent in pulsating at about 
two-thirds Q'44,. (7) and (8) pulsated at higher percentages of 

Qi mins Actually, the diffusion efficiency was higher in these 

runs (probably due to effect of increased N,) and therefore this 

is still consistent with prediction as is the low Q,;, of. run (15) 
with no diffusion. The sharp break in the Aps curve of run (10) 

is probably the result of compression shock losses as4pe has 
dropped low enough to produce supersonic flow in the spill in this 
region. The theoretical curve of Ap', corresponding to runs (6), 
(12) and (15) is plotted as a dotted line in Fig. 14. The theoreti-~ 
cal curve was computed for a constant value of L = 1.0 inch. 

A comparison of the actual curves with the theoretical indicates 
that, in practice, L is not a constant, but is a function of the 
stream deflection, k, starting at zero for k = O and increasing 

in an almost linear manner with k. The intersection of the theo- 
retical with the actual should indicate the flow at which the 


effective L = 1 inch. 
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The Ap', of run (6) is plotted as a dotted line in Fig. 7 
to illustrate how the variation of L effects the theoretical 
stability. It can de seen immediately that the curve is becoming 
parallel to curve Ap,(2) at the point of instability and that as 
curve Ap, (2) is translated vertically, the point of tangency would 
occur at this point. /\ps@)is the theoretical curve corresponding to 
a system with partial diffusion. The effect of the negative 
curvature of Ap'.(6) is to increase pp to a higher and sharper 
peak with a shorter region of small dP/aQ. 

To compare the results with the compressor curves of Fig. l, 
tne guage pressure Apo was converted to pressure ratio and in- 
creased by a factor representing the static pressure at the impeller 
rim. The Q was then corrected across this pressure rise to a new 
Q of standard atmosphere and increased by a factor of four to correct 
Tor the reduced scale, and a factor of seven to account for the seven 
diffuser sections in the compressor. The results are plotted in 
Fig. 15 wita an overlay of the actual compressor curves for com- 
parison. 

tne test curves in general fall somewhat below the compressor 
curves, After this was observed, an analysis of the diffuser action 
was made and this revealed tnat the diffuser was almost totally 
ineffective. The original diffuser extension was replaced by a 
lonser ciffuser extension with maximum total angle between opposite 
sides of 5°. Runs with this extension showed a slight increase 
in po, see curve (12) in Fig. 13 and 15, but an analysis of the 
ciffuser action again showed very poor efficiency at the inter- 


mediate speeds. 
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When the main diffuser was scaled down from the size of the 
diffuser vanes in the compressor, the linear proportions were 
preserved including the angle of divergence, and it was possible 
to preserve the area ratio by virtue of the parallel vertical sides, 
but this similarity is not sufficient. For our purpose, it was 
not feasible to increase the velocity to preserve dynamic similarity 
and therefore, the length should have been longer to hold down the 
linear pressure gradient. <A second contributing factor in the poor 
diffuser performance is the square corners in the diverging channel. 
Tnere is no doubt that the high linear pressure gradient combined 
with the voor flow conditions in a cross section having sharp, square 
corners combined to cause flow senaration and poor diffuser efficiency. 

Similarly, in the analysis justifying the linear proportioning 
of tre spill, the effect of Reynold's Number along the unner 
(deflecting) wall was neglected. Actually, the develovment of 
boundary layer on the wall is a function of Np, and the penetration, 
L, of the deflecting pressure along this wall is undoubtedly affected 
by the degree to wnich the boundary has been developed. Therefore, 
ig tne length of this wall is reduced from the original length, 
the jet velocity must de changed to preserve dynamic similarity. 
such a cnange, however, will involve conversion factors for correct— 
ing velocities and pressures to the corresponding compressor speeds, 
As a result, the beauty of sizmlicity is lost. These corrections 
factors can be established if such accurate results are found of 
value, The neglect o* this effect is evidenced in the curves of 
Fis. 15 as a slightly steeper slope of the test curves over the 


compressor curves, 


anf 
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The assumption of non-viscous flow in the analysis of the 
jet deflection is obviously one of expediency. It cannot predict 
he distance L; however, with the nroner value of L, the overall 
effect of tue hypothetical flow is in good agreement with the 
observed effect. The results of the pressure survey are plotted 
in Fig. 16 and indicate that the flow more closely resenvdles that 
of a free vortex as modified by the deflecting wall. Any further 


analytical development would probably follow along such lines, 
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USSS FOR THE DEFLECTSD SPILL PICKUP 


In gas turbine applications and jet enszine designs some 
flow instabilities have been observed to occur prior to compressor 
instadility and within normal combustion limits. Laboratory study 
of the phenomena has been hampered by the fact that no air supply 
other than a closely coupled radial compressor had been found that 
nas the flat pressure-flow characteristic at intermediate flow 
velocities. The deflected spill with an efficiently designed 
diffuser to bring the flow to the desired discharze velocity and 
pressure anpears to be the answer to the supply problem. By properly 
adjusting the primary jet velocity and diffuser area ratio, any 
desired combination of discharge velocity and pressure may be brought 
Co the flat portion of *..s characteristic curve. As previously ex- 
plained, this flat nortion can te annreciadly extended if the Ap'. 
curve can be made to be concave woward, and this can be accormmlished 
by any device that will hold the deflection noint L at some definite 
point ahead of the lip of the spill. Several suggestions for such 
qevices are presented in Fig. 17. After a discussion with tnis 
author, the configuration of Fig. 17(d) was developed by Mr. 
Robert ddelman as a modification to a symmetrical spill pickup 
Guring iis work on cumbustion stability. It is described in more 
detail in his thesis, Rof. 5. There is no need for the deflecting 
wall to be rigidly attached to the nozzle as was done in the origi- 


nal model, 
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THE DESIGN OF A PULSELESS RADIAL FLOW COMPRESSOR 


The preceding development and discussion describes the 
Mecnanism which appears to be responsible for the pulsations 
observed in a radial flow compressor as the flow is decreased 
by back pressure. If such is the case, then it also contains 
the essential information for the design of a compressor that may 
be free of discharge instability for all rates of dischar ze fron 
the designed rate to a zero rate of discharge. The above is 
restricted to the case of subsonic impeller tip speeds, but the 
essential features should apply to the supersonic case with only 
slignt modification of channel desizn to improve the efficiency. 

The last page of the Analysis, referring to Fig. 7, points 
out that if the slone of curveAD!, can be increased to ApI' "5 
tnen there will be no point of instability as the flow is reduced 
to zero. Ourve Ap''',; corresponds to a small value for L. If 
the deflecting wall were renoved completely, then L would be zero 
and the condition would be satisfied. The mechanism producing 
instability would be removed. The resulting diffuser inlet would 
correspond to a symmetrical spill pickup and tests have shown that 
such a device will go to zero flow at a pressure corresponding 
very closely to the total pressure in the imminging stream, and 
with corplete stability; in fact, such a device is the Pilot tube. 

The symmetrival spill diffuser night take the configuration 
siown in Fig. 18. The diffuser section is essestially the same 
as in present desigrs, but there is a break in the outer wall 


through which air is bled back to the side of the impeller 
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housing at the tip of the wheel. The purpose of this bleed is 
not to maintain the total flow above the originally critical flow, 
but to prevent a deflecting pressure from being transmitted along 
toe outer side of the channel. The maximum conceivable cross 
section for such a bleed would be one half the cross section of 
the diffuser inlet, but by proper design at the pickup end and at 
the discharge end, it may be possible to cut this size to less 
than one fifth. At design flow rates and higher the effect on 
compressor efficiency should be negligible, and at lower rates, 
the efficiency should be improved. 

The author intends to continue develonment and test work on 
the design and is requesting that Navy facilities be made avail- 


aole ror this work, 
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CONCLUSION 


Fron these tests and analyses, 1% can be concluded thaw: 


Ce 


is 
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The deflected spill pickup has flow instability char- 
acteristics similar to those of a radial flow comercssor 
with vaned diffuser. 

The deflected spili pickup may be proportioned to 
reproduce tne rccnsyans. Sspeea prossure, Vs 110n clercever— 
istics of a specific radial flow compressor having a 
Vane a Gini a User, 

The deflected spill pickup may be prcportivned to provide 
a supply of air at anv given intermediate velocity with 
an alycbraically larger dp/dQ than is normally available 
from any source other than a closely coupled radial 
compreSSOre 

The scurce of the most troublesome radial compressor 
pulsations, nace detemine the lower flom lini auea 
fiven speed, is the region at the entrance to the diffuser 
vanes. 

The source oi these pulsations can be eliminated tiith 
negligible loss in efficiency, by converting the entrance 
to the diifuser secticn to correspond to a symmetrical 


spill pickup as cescribed in the above discussion. 





le 


SAMPLE COMPUTATIONS 


For neasuring the primary flow through the .75 inch, long radius 
metering nozzle. 


(a) For Ap; less than 16''H,0 
Zs ° 
AN) ae P. ( Ap; ) g = 32.2 ft/sec 
Ra Sees be iby 
W = .06)5 \/p,("HE) p("Hp0)/T)(°R) 1b/sec 


(b) For Ap, 7 16"H50 


wT 
iV 


20735 A pz ("H50) 
Po (Hg) 


pp/p =i + 


Determine } dy and F = Wat =e, from 1acle of Funetrcns 
le 


of Mach number for air from Ref. 3. 


ee Wa ="6 26 P2 itd Po (the) F 1lb/sec 
aft (OR) (°R) 
Similarly for plenum chamber 1.5 in. metering nozzle, all 
non-ccmpressidle, 


W = .0258 4/Po("He) AP_("H30)/t5(°R) — 1b/sec 


The static temperature of the jet T; determined from the Tables 


of Ref 3 and then, 


= My q/VeRt, = ho Mi 4 qT; ft/sec 


The corresponding compressor speed is; 


w 60 rw 60 
Ow oe ap 


Porat bigots 950 


ii = 19.9 Te Rei 
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The equivalent compressor compression ratic is 
(Po/Py), = (Py /Py) | (P2/P4) 


where (p, /P) is the static pressure at the impeller tips. 
At the lower flow rates that are of most importance (py/P 1), 
is equal to the velocity head with only slight crror hence it 
was assumed for this computation that (p;/Py) 5 P,/P3. eee 


the second factor, P; is assumed to be p,, then 


(Pa/P,) = (Po/P3)(Po/2,) 


The Q, of the compressor is based on inlet air at 59°F not on 
the static pressure at the impeller tip, therefore, to standard- 
ize the Q of the spill to the conditions of the equivalent 
compressor it is necessary to take into account the effect of 
this additicnal comoression. It is also necessary to take into 
account the scale factor of for the area ratio and a factor 


of 7 for the number of diffuser sections in the compressor, then 
ee td al 
q. 50 x 28 =e a Se 188 a, pe 
Jeena J 
Z Gi Te) . é (p,/P3)/ To 


l= 2,04x10 


i 





220 elo) 


i} 


or converting to p, in ("Hg) 


(Po/p3) Vio °F) 


Q. = 20,900 
Clans) Py ("Hg) 


cu ft/min 





A=} 


7. For plotting data not concerned with the equivalent compresscr, 
the Q is standardized to Py and qT, corrected to standard con- 
ditions of p, > 29.92MHg and t, = 80°F. 


(a) If the ordinate is (p,/p,) 


£(po/p,p) = = —— ot 


[ 
Q = VA 
WRT 


= 60 e | a 
es P, TT stal% 


rt 0 
» We Avan F) 


P, ("Hg) 








alles 


1] 


(bo) If the crdinate is Ap 








D a 
= < vy 
AP = Dont 
Q = VA 
Vat, — 
05 = OD SA [lTyeq/T) (,/Pora) 


= 
Q. = 92 ia [T4( F)/p, (He) 


APPENDIX B 


THE CENTRIFUGAL COMPRESSOR SURGING AND ITS PRIVENTION 


A phenomenon which, as a mysterious difficulty has in the 
beginning given builders of centrifugal compressors no end of 
worry, is "surging"; that is, a periodic sudden sending back of 
the compressed aix through the compressor into the atmospnere. 

Tne impact of the jet opposing the rotatior. on the blades was in 
many cases so great that the biedes were bent or broken. Tne cause 
of tne surging is the instability cf the dynamic equilibrium on the 
rising branch of the characteristic curve. The process is as 
follows, see Fig. Bel. 

The compressor is started with the pressure reservoir em»ty. 
As the r.p.m. increase the terminal pressure rises along a 
varabola b, until at A the normal condition of operation has been 
reached. If the regulation is for constant r.p.m., then with de- 
creasing flow, Q, the condition approaches the point A,. Suppose 


that equilibrium has here been established. Now, let the air con- 


summtion suddenly drop to Q, < Qq. In consequence of the slight 
throttling taking vlace, the flow of the air is retarded and the 
quantity drops. It cannot remain, however, at Q,, because at this 
quantity the pressure generated is Px = Pm. The quantity there- 
fore sinks back to zero, and the discharge pipe is emptied with 
the initial pressure difference py, - py, in the suction pipe. When 


P, has been reached, the flow (on account of the slight acceleration 


“Quoted from "Steam and Gas Turbines", Sect 208 (7) by Dr. A. Stodola, 
McGraw-Hill, N. Y. 1927. 
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of the machine that has occurred in the meanwhile) begins anew 

and keeps increasing since, when “a is reached the pressure generated 
aS Px Pa» so that the delivery rises under the unusually powerful 
acceleration in the air column in an extremely short time, during 
wiich p = p,, to Q) with the condition B, The governor provides for 
necessary higher output, and the discharge pipe is filled, so that 
with decreasing quantity, A, is reached again, from which point the 
process is again repeated, 

A&A remedy is usually found in the so-called relief valve, wnich 
actuated by the quantity delivered establishes a connection between 
the discharge pipe and the suction pipe as soon as the quantity 
falls below the breakdown point. The opening of this relief valve 
must be so proportioned that exactly the proper quantity is blown 
off as is necessary to keep the compressor operating above its 
breakdown point; that is, if Qy in Fig. B-l is the useful quantity, 
the quantity AQ. mast be blown off. Another means witn somewhat 
better efficiency is by throttling the inlet, whereby for each 
quantity below Q, a new characteristic curve with a lower peak 
comes into play, so that with a slightly reduced pressure, stable 
operation becomes vossible even down to zero. The best remedy wculd 
be to regulate the diffuser inlet for area and angle so as to get 
always shockless inlet. By reducing the diffuser width and the 
blade angle, operation without shock may be established for the 
quantity Q,- resulting in the steep pressure line, the peak of 


weich is to the left of point C,;, so that operation free from surging 


with a material better efficiency than before becomes possibdle. 








An entirely different method is pursued by the Allgemeine 
Zlektrizitatsgesellschaft. A pipe of reduced diameter and of 

a definite length is attached directly to the compressor, and at 

the beginning of the surging period the pipe offers an increased 
inertia resistance and raises the surging frequency of the compressor. 
the dampening pipe is so computed as to bring the pressure oscillations 
in the compressor and in the pressure piping into interference, so 


that trere is practically no noticeable oscillation. 
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Figure No. 9 
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Figure No. 10 
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Parometer s 29.72 














TA Se 
AP, = 0.50"Hp 
Ap, = 2.09"H,0 





ve 90°F N = 3130 RPM 
Apo("He) — Ap3("H59) Ap), ("H,0) 
(1) 0 +0019 +0206 
(2) 0.0); | 
> 0.06 | 
(1) 0.06 
(5) Ones | 
(6) OF 1 
(7) eniis | 
rr es 
CLL: 
(1)  .0226 IVa SE 1.0168 1.0000 
(2) 0218 yA 1.0013 
im) .0195 EROS eee 
©) 0190 15.65 1,002 
(5) 0148 Pe | 1.004) 
i)  .0113 9.30 : 1.00), 
(7)  .0104 8.56 \ 1.00L4 


D-~1 


W. = 0219 lb/sec 








ih 
v, = 173 ft/sec 
Apc("H,0) Apo ("H50) 
-3.16 O glue 
ae 0.13 
-1.62 0.105 
+0.02 0.10 
0.73 0.06 
1.95 0.035 
Baile 0.03 
(p/P), Ye 
ft", smn 
LOles 521 
1.0181 503 
1.0188 50 
1.0188 138 
tOar2 3in 
1.0208 2641 
1.0212 2h0 





Run No e h 


Barometer = 29.72 


O 
be + 103 F 


Wy 
(2) 
(3) 
(Li) 
(5) 
(6) 
(7) 


(1) 
(2) 
(3) 


(5) 
(6) 
(7) 


Oats 
Open 
ers 
ge 
eal 
I Sf 
1.50 
Wo 
lb/sec 
505 
01,87 
ued 
20362 
-0333 
20298 


10252 


TABLE IT 
Ap, = 2.5"Hg 
A\ Dy = 118, r 3"H50 


N = 7800 RPM 


Ap ("He) Ap3("H50) Ap) ("'Hy0) Ape ("H50) Aps("H20) 


+1.07 ~0.23 -19.00 
x x 16.9 
x x 2.54 
itealls Oeai0 0.00 
Ne x +3.10 
el OSuC Tae> 
x ae WOKS 
Q. Po/P3 Po/ Ph 
£t?/min 
TE 108),2 1,0050 
10.8 1.0072 
32.0 1 «0330 
3053 1.0077 
Ch i 1.027 
25.0 1.061 
eine 1.050) 


wy 3 0196 1lb/sec 


y = 392 ft/sec 
i 


0.71 
0.665 
01,00 
0.355 
0.300 
O.2h 


Only 


(Po/Py) | GF 


ft2/min 
1.0892 1228 
ARPES 8 1188 
1.1200 933 
Leal 833 
1.1305 81h, 
1.1343 (25 


es oF 615 
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ees oy mie 


Run No. 5 Ap, = 4oO"llg i 2070k 
Barometer = 29.73 Ap, = 17.23'1190 eee 1193 
| 

t= 109°F N = 9,805 


cr a RS I SE Ls AT TES 


ApotHe — Ap3(""H0) Ap), (#50) Ape("H,0) Ap("H,0) 


ee ee 


Ce ae 25 17500 0 ~31.70 ell 2 

ey 0.56 | =25 05 i500 

ey 1.82 : - 05 0.6); 

2.13 | + 3.85 0.50 

©) 2.35 l + 9.6 0.40 

(6) 2.h5 £05. +1Be5 @.335 

a | . 

fe) «= «0030 53.1 1.1346 1.008) 1.143 1600 
i) .0596 Be, in 1.0195 ieitces, 1520 
(3) .0h88 baiveat 1.0612 12203 12h0 
(4) 0434 36.6 1.0716 1.2ise lie 
i) 2.0369 D266 1.0790 1.22) 988 


(6) s0256 30.0 1,062 1.223 905 





— 


Ve ‘ 
ag eeu 
PEHEss 
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TABLE IV 
Run No. 6 Ap.=5.8"Heg Wi, = 0771 
Barometer = 29.72 Ap, = 22.70"H50 yee eke 
to 5 Ia N = 11,9h0 
 Apytig Ap 3(,0) Ap) ("H30) Apg("H,0) Ap2(",0) 
(1) 0.33 +285 +01,5 (-) 1.58 
(2) 0.98 V x (-) 1.33 
ey 2a 2505 Ozer 02.65 0.805 
(4) 2.95 2.80 x 0.710 
(5) 3.25 | +11.90 0.5) 
fo) Baus | Tees Oolh 
iG) 3.50 v 21.20 Ono 
Ne es P,/P3 P,/P, (p,/P,) 2c 
lb/sec ¢/min °  ft¥min 
el) - .ORg 62.6 ios (OWS. e210 1970 
(2) 0692 58.0 1033 1.235 1828 
ie) | 055K 16.5 1.092 e060 1463 
@) 0522 TePy | 1.099 aes ee 1380 
©) .0u57 Seno 1.109 1.325 1206 
(6) 2013 Sin | V.026 ose 1092 
@) 380 31.9 v 1.119 1.337 1005 








Rune iio. 7 


Barometer = 29.70 


oeea ioe 
O 


(1) 
(2) 
2) 
(Li) 
(5) 
(6) 
(7) 
(8) 


0.50 
2.65 
es 
5 0 
603 
6.36 
6.140 
6.60 





i 
toa 


1lb/sec 


09,0 
0875 
.07 68 
.0710 
20640 
ACfO1. 
00553 
00525 


TABLE V 


= ft 
Ap, = 10 .8"'He 


Ap, = 36.4"H50 


N = 15,220 RPM 





Xx 
x 


x 


Q 


S 


tt? /min 


(oe: 
(ie 
65.0 
60.1 
Bliee 
1962 
46.8 
Lh el 


D6 
DA 


X 


Po/P3 


1.3635 


o 
(-) 
(-) 
(-) 
+21.0 
B22 
36.4 


4O.0 


Po/ Py 


1.0168 
1.0891 
1 ey 
1.1818 
RAS 

Telus 

Te euss 


ieee 


2 5 


2.025 


Leite 
eet 
0.98 


0.80 


0.725 


0.65 


(Po/Pq) | 


eeo> 
HE nfs) 
1.590 
deol 
Wyolre 
1.656 
BL ie, 
1.66) 


Apotig — Ap3("H50) Ap) ("150) Apg("l,0) Ap, (50) 


D5 


0.1185 1b/sec 


768 ft/sec 





Q 


Cc 


tt?/min 


270 
2550 
221,0 
2070 
1665 
1690 
1610 


1530 
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TABLE Vi 
Run No. 10 Ap, = 16.0"Hg WV, = 0.0562 1b/sec 
Barometer = 30.12 Ap, = 6.9( 1150) v5 = 88), ft/sec 
pasa N = 17,00 


A po"Hg Ap3("H_0) Ap) ("H50) Ape ("H,0) Ap, ("H,0) 


(Sea EE ES 


(1) 0.57 EOI IL $602 x Boe 
(2) Lo x x x aol: 
i) Bl) ye x x Ze 
(11) 5.99 x x x 1.65 
6S) e018 X x X 1.65 
(6) 8 hh ene 8.1 +2245 nae 
(7) 9.00 iL 30 as 1.5 ner 
(8) 9.15 1340 x 52.0 0.93 
A aaa Po/P3 Po/Py, (p/P) a 
|p =—s0.1030 (sé Ase 1,0189 1.560 3200 
(2) 20990 =. 82. 1.0565 1.618 3080 
(3) 0934 77.8 1.106 1.693 2900 
(4) 0928 = 776k 1.199 1.838 2880 
(5) .08)8 (Oa eu 1.890 2640 
(6) 0748 62.) eon! 1.962 2325 
(7) 0700 58.4, 1.299 1.990 2175 


(3) .0653 She5 1.30) 1.998 2030 
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Run Woe 9 For lst Pressure Probe Test 
Baroneter = 30.07 t= 110°Fr 
- rc 4 — AP3 AP}, Ap A Py 
_ 9 __ (Hg) ( "H0) ("H0) ("H50) ("H90) 
(1G Re Des BOSS x. x +1943 0.40 
Static Pressure Survey AP ¢. 

L E he 6 8 1.0 
ne 
0 13 Wale 73D 4.8 2s Les 
s Wee NG) gieo5 ae 2.88 beD5 
1 UES one (25 4.95 ZK 1.35 
1 - 8.85 7.05 ies D3) 0.75 
2 10.45 8655 6.45 ae 1.60 01,0 
23 - 7.85 Cae 3.05 a0 O 
3 oie (SD Soo ey 85: 0.70 
33 - 6.85 4.75 1.60 0 
\ 9.00 6.20 at 0.85 
hs ~ 5 LS 3.5 0 
5 6.75 4.75 2.65 
53 ~ 3.75 1.75 
6 5 60 aes 0.95 
63 1.65 0 
7 Ose 
73 0 
8 


* L = Horizontal distance upstream from lip, inches. 


n = Number of turns down from wall, 14 tums = 1 inch. 








' TABLE VII (b) 


Run Now i For end Pressure Probe Test 


Barometer = 29,65 on cs 110°F Dele 5 B"He 


———S— 


Ap, (H50)  Apa("He) — Ap3("H20) Ap, ("H,0) A py("H20)Ap. ("H,0) 





eed 


Gon. eee ca 2.6, wAs Si ae 
(2) 22.9 3,50 12.60 40.55 91 (Och0 


Py: SS SPP pr SN AA MS SP ALS Ta TR: NS SA NTIS 


(1) Static Pressure 


(2) Total Pressure Ap, ("He) 
Ape. ("H20) 


eS eee eR A MS RSE TS Se et ee SS Se 








in 0 EUG a6 eye i Vv 
n* AP 
0 le) (OS Toei Ste ae eal ‘cal 165 
4 18.45 15.05 1, 80 1.156 6 522 
1 ieees IN ss Soils) aaa i725 540 
14 = 1) .00 Sesh we Ie fiel 85 550 
2 IL sn 1S 5G 5 a IS 188 555 
24 - _ 5.36 LS 1186 B52 
3 Wigs 12780 Base aay S 18), 549 
33 - - Boils: 1.168 Slat? 52 
ly 17.65 12.30 4.98 ele. 470 534 
hs - - 80 1.157 61 523 
5 18.45 hike 1/0 11.58 ey 2158 520 
53 - - 1.35 - : - 
6 QO MS 8.90 ne LESS 1,30 188 
63 6.30 3.93 _ a 
7 3.80 Bites SLs 03 1158 
74 2.20 
8 ©) 





L = Horizontal distance upstream from iip, inches 


n « Number of turns down from wall, 1 turns = 1 inch 
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TABLE VIII 
Run. No. 12 Ape = ose ne Wy = 0775 
Barometer = 29.60 Ap, = 23.25"H0 v, = €14 ft/sec 
t. = 10°F N = 12,200 

Ap2"He Apz'H,0 Ap,"Hz0 Aps'#20 — Apy"H20 
(1) 0.38 3.53 +3. 08 (-) a4 
(3) ie: ie 3.35 2.95 +1, 55 0.80 
(4) 3.70 B.Ve 2.80 11.80 0.63 
(5) 3.95 3.90 270 20. 40 0.49 
(6) 3.98 3.90 2.75 23.4 0.42 
c?) 3.60 ~3,90 2.75 25.0 0.40 

Ws 6 Pol PZ Po/ Py (po/ Pj . Qc 

1b/sec ft°/min ft/min 
(1) 079 66.4 1.208 1.0128 1.225 2100 
(2) .0695 58.4 1.0581 1.279 1850 
(3) 054 45.4 leave )2O «Cod S50 1435 
(4) .0498 41.9 1.1249 1.360 1325 
(5) 044 37.0 Ligse  -12376 1170 
(6) .0408 34.3 laie@as 1.371 1086 
(7) 0395 33.2 Lei25 1.360 1050 
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TABLE IX 
Run No. 13 AP, = 0.6"He. te = 0257 lb/sec 
Baroneter = 30.21 Ap, = 2.6 "H»0 Visas 25 ft/sec 
tis 85°F N = 4,090 

Ape("H0) — Ap3("H,0) Ap) ("H0)  Ape("H,0) Apy("H,0) 
(1) 0.30 0.15 +015 aL ey 009 
(2) 0.95 S0e ul +016 Ie ie FOwas: 
(3) Ile 2.00 0065 
(4) Bile Zaoll 050 
oe)  le22 Bae O 0025 
(6) Fry A x FOS 
WD, ae Beye 010 
(8) 4.90 Bey 2005 
(9) 4.80 W L 3.87 O 

TABLE X 

Run No. lh Py = Lele VI, = 20686 1b/sec 
Barometer = 30.20 Py = 18.40 "HO ‘Zo 500 ft/sec 
t, = 102°F 
a Apo("l,0) Ap,("H,0) Ap, ("H50) Ap,("H,0) Apo (""H,0) a 
@) 3.30 2c +1.4,8 +8.81 60 
(2) N51 meee Dene 9.62 Py 
oe) 9.05 | eee 12.60 085 
(i) 14.08 ies ILS ATP ~),00 
(5) 23.80 2,02 Zab SS 0235 
(6) 28,2 eae 22.60 .150 
7) 30205 ONG 23626 —IHOE 
CE) eels - - 2060 
Oo). Bie 2.40 25156, 00 





. “we. “@ rl ce a - = eevee ee ee - "* meet Same. wae . . ore . * 
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TABLE XI 
Run No. 15 Ap, = 5.8"Hg 
Baroneter = 30.20 Ap, = Dhol tt 
to = 110°F 

AP» Ap; AP), Arps A 

("H,0) — ("Hp0) ("Hp 0) ("Hy0) (1 
> £2.45 =3,5 205 aeeo a lso 
(@  IW7s 3600 pee) 2c 
(3) ES CIS 8) 2-25 me OSS 
DIES Sy SS fo) 27210 26.62 
() sees 3. (Gee scone 
oy eho 35ne ees es c0 
We b5.50. -=3 30 Reece | ee. 


HU 


P7 
Hy 0) 


0.80 
OO 
0.40 
0.30 
0.09 


0.075 


A 1 re 
lb/sec ft/sec pt3/nin 


VM SRS eS a ee ae ee ee 


2 
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Wh, = .0807 lb/sec 


a 59h ft/sec 


Av, 


AQ 


S 
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A 


SYMBOLS AND NOMEMCLATURE 


Explanation 





Area 


Circunferential area of inpeller rim 


in 
L 


Lov area in ciziuser throat 


Distance from lap of Spill to dome cinema! 


He A To 


AD 


Neccloration of Gravats (32.17) 
Porcentarc factor used with 6 


Distance the cleflactins pressure penetrates along 
the wall upstream from tho lip of the soul? 


ach number unten? 


bas ar 


vf ee a 





Rotational speed 
Reynolds number 


Pressure 

necelver Ore ssinre. 24ce 

Differential pressure, primary metering nozzle 
Plenum chamber, guage 

Snill, guage 

Ly 5 it 3 eS co 

Pitot and static tube 

Differential, plenum chamber metering nozzle 
Compressor iniet 

Atmospheric (barometer reading 


otatic pressure in primary jet 


Iyer pishalalie  evac spsibies 


ft 


a pe 


sec 
ft/see* 


aie 











V 





Units 
Rate of flow ft/min 
Qn Designed rate of flow 
0. Rate at Po/P_ AX 
ares Rate at initiation of instability 
© ae ae 
Gas Constant (53.35) ft 1b/°R 
Radius of imncller Lt 
Absolute temperature 
Th Receiver, Total 
ty Compressor inlet 
T. Primary jet 
Velocity ft/sec 
ie Average in diffuser tnroat 
Vs £ primary jet A} Vs aa 
ee Local velocities in jet stream 
vas adial component in compressor Q/A, 
Ve tangential component in compressor wr 
Flow rate (weight) ib/sec 
My Prine ry jeu 
Wy flow to plenum chamber from spill 


Ratic of specific heats = c/ ey, = 1.395 


Density slues/ft? 
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